Neural progenitor cells alter their output over developmental time to generate different types of neurons and glia in the correct sequences and proportions. A number of 'temporal identity factors' that control transitions in progenitor competence have been identified, but the molecular mechanisms underlying their function remain unclear. Here, we asked how the transcription factor Casz1, the mammalian orthologue of Drosophila castor, regulates competence during retinal neurogenesis. We show that Casz1 is required to control the transition between neurogenesis and gliogenesis. Using BioID proteomics, we reveal that Casz1 interacts with the nucleosome remodeling and deacetylase (NuRD) complex in retinal cells. Finally, we show that both the NuRD and the polycomb repressor complexes are required for Casz1 to promote the rod fate and suppress gliogenesis. As other temporal identity factors have been found to interact with the NuRD complex in other contexts, we propose that these factors might act through a common biochemical process to regulate neurogenesis.
Introduction
During neurogenesis, virtually all neural stem and progenitor cells change their output dynamically over developmental time, first generating neurons, and then switching to generate glia [1] . In regions of the central nervous system (CNS) such as the neocortex and retina, progenitors undergo additional temporal identity transitions in competence to generate specific neuron subtypes at precise stages of development. In the vertebrate retina, retinal progenitor cells (RPCs) have two distinctive phases of multipotency [2] [3] [4] [5] . Within each phase, RPCs can simultaneously produce a number of different neuronal and glial subtypes. For example, during embryonic stages, RPCs generate retinal ganglion cells, cone photoreceptors, horizontals, and amacrine neurons. As the generation of these cell types peaks, the production of rod photoreceptors increases, peaking at around birth. Postnatally, RPCs lose the competence to generate the early-born neuronal subtypes, and instead begin to produce bipolar neurons and finally Müller glia [2, [4] [5] [6] [7] [8] .
Importantly, while many fate determinants have been identified that are necessary for the generation of specific retinal cell types, many of these factors drive cell cycle exit, and are not compatible with regulating progenitor competence state [9] [10] [11] [12] . It thus remains largely unclear how multipotent progenitors select between alternative differentiation programmes available to them at any given stage to generate lineages with correct cell numbers and birth order.
While our understanding of the molecular mechanisms that control temporal identity in vertebrate neural progenitors is limited [12] , several transcription factor cascades controlling this process in Drosophila have been identified [13] . In the fly ventral nerve cord, landmark work has demonstrated that most neural stem cells express a sequence of transcription factors as development proceeds, namely: hunchback, Krüppel, nub/pdm2 (collectively pdm), castor, and grainyhead [13] . This cascade of 'temporal identity factors' acts as a general timing mechanism to coordinate the output of hundreds of individual neuroblast lineages within the Drosophila CNS. How this transcription factor cascade is able to integrate coherently into so many different lineages remains unclear at the mechanistic level.
To begin to identify molecular pathways involved in temporal transitions during neural development, we chose to focus on the zinc finger transcription factor Casz1, which is the murine orthologue of Drosophila castor. In fly neuroblasts, castor is amongst the most influential of the temporal factors [14] , and we have previously reported that Casz1 plays a conserved role in regulating progenitor potential in the developing mouse retina [15] . We and others have previously shown that Casz1 interacts physically and functionally with key subunits of the polycomb repressive complex (PRC) [16, 17] . Polycomb, in turn, is a wellknown regulator of developmental timing in neurogenesis [18] [19] [20] [21] . However, whether the Casz1-PRC interaction is functionally important in neural progenitors has not been addressed. Here, to identify the molecular pathway utilized by Casz1 to regulate neural progenitor competence, we used BioID proteomics to identify the retinal Casz1 interactome.
We found that Casz1 associates primarily with the NuRD complex in retinal cells. Moreover, functional dissection of the Casz1 interactome demonstrates that both the NuRD complex and PRC are required for Casz1 to promote the rod photoreceptor cell fate and suppress the production of Müller glia. Thus, our data demonstrate functional interdependency between temporal identity factors and epigenetic regulators, suggesting a unifying model of how these two well-known temporal patterning systems operate.
Results and Discussion

Casz1 suppresses Müller glia production in postnatal retinal progenitors
We have previously shown that Casz1 regulates the mid/late temporal identity in RPCs. During retinal development, the expression of Casz1 mRNA and protein steadily increases in RPCs, peaks at around P0, and declines postnatally ( Fig 1A) [3, 15] . We previously generated a Casz1 conditional knockout (cKO) mouse, and found that Casz1 is required in the retina to suppress the production of early-born neurons and late-born Müller glia, while promoting the production of rod photoreceptors [15] . As these previous experiments inactivated Casz1 in early-stage RPCs, the specific requirement for Casz1 in perinatal RPCs, which generate glial cells, remains unclear. To address this question, we introduced control (GFP) or Cre recombinase acutely into cohorts of P0 Casz1 Flox/+ or Casz1 Flox/Flox RPCs using electroporation. We then cultured the resultant retinas ex vivo for 14 days, when retinal development is complete. No significant difference in cell production was observed in GFP transfections from either genotype. However, when Cre was transfected, rod photoreceptor production was significantly reduced in Casz1 Flox/+ retinas, and further reduced in Casz1 Flox/Flox explants ( Fig. 1B-D) . These reductions were accompanied by concomitant increases in Müller glia production, which were ~4-fold more abundant in Casz1 Flox/Flox transfections. Consistently, RNA-Seq analysis of sorted RPCs at P2 revealed that expression of rod marker genes was reduced, whereas that of Müller marker genes was increased in Casz1 cKOs compared to controls ( Fig. 1E ). We conclude that Casz1 is required in postnatal RPCs to promote rods and suppress Müller glia production.
Casz1 interacts with the NuRD complex in RPCs
Having timed a requirement for Casz1 to perinatal stages of development, we reasoned that we could take advantage of the quantitatively large number of RPCs generating rods and Müllers at these stages to identify Casz1 co-factors via biochemical purification.
Unfortunately, we found that despite robust mRNA expression levels, Casz1 protein was not detectable in western blots via standard methods using several different antibodies. We only observed full-length Casz1 isoforms when protein lysates were stabilized by formaldehyde cross-linking [16] . Since we could not purify native Casz1-containing protein complexes, we turned to BioID proteomics. The BioID approach bypasses the requirement to purify target proteins directly. Instead, the target protein is tagged with a BirA biotin ligase domain (BirA*) containing a mutation that abolishes target selectivity. BioID relies on the preferential biotinylation of the interactome as a function of molecular proximity. BirA* was fused to the Nterminus of Casz1v2 ( Fig. 2A, B ). We focused on Casz1v2 since our previous experiments indicated that it was the splice variant involved in rod production [16] .
Next, we introduced nuclear-localized control BirA* [22] or Casz1v2-BirA* constructs into primary retinal cultures by nucleofection. Transfected retinal cells were cultured at highdensity using a defined serum-free medium [6, 23] (Fig. 2C ). Cultures were supplemented with exogenous biotin for 6 h and harvested. Since Casz1 is a nuclear protein in the retina [15, 16] , we additionally extracted nuclei, as we observed considerable amounts of cytoplasmic biotin when untransfected control cells were stained with fluorochrome-conjugated streptavidin ( Fig.   2B ). Casz1 had previously been observed to interact with components of PRC1, both in cultured cells and in adult retinas [16, 17] . To our surprise, when we examined the BioID interactome, we saw little evidence for association between Casz1 and the PRC in perinatal retina. Polycomb-associated proteins such as Cbx1/3/5, Atrx, and Hmgb1/2/3 were detected exclusively in the Casz1 interactome, but with only a few peptides each. Moreover, core subunits such as Ring1, Rnf2, Pcgf and Phc proteins were not detected. Instead, the NuRD complex was the most prominent interacting partner identified. All of the core subunits of the complex were observed, including Chd4, Mbd3, Gatad2a/b, and Mta1/2. Subunits such as Rbbp4/7 and Hdac2 were also observed, albeit with only a few peptide spectra in total. None of these proteins were ever observed in BioID complexes purified from control transfections ( Fig. 2D , E).
To validate the observed interactions, we performed several experiments. To examine the association between Casz1 and the NuRD complex in retinal tissue, we first performed cross-linking assisted immunoprecipitation using the RIME proteomic workflow [24], which we have previously reported stabilizes Casz1 protein complexes [16] . As expected, Casz1 protein complexes purified from developing retinas contained both Chd4 and Hdac2 (Fig. 2F ).
Next, we performed conventional co-immunoprecipitation experiments using 293Trex cell lines that were engineered to stably and inducibly express control, Casz1v1-, or Casz1v2-EGFP fusion proteins. Immunoprecipitation with anti-GFP antibodies revealed that NuRD complex members like Hdac2, Mbd3, and Rbbp4 were associated with both Casz1v1 and Casz1v2 isoforms ( Fig. 2G ). In contrast, the core polycomb subunit Rnf2 and the polycomb mark H2AK119ub1 were enriched by Casz1v2 but not Casz1v1, as we previously reported ( Fig. 2G) [16] .
Next, we assessed the co-localization of Casz1, Chd4, and Hdac proteins in retinal progenitors using immunohistochemistry. We observed that Casz1 was expressed throughout the nucleus, but accumulated on the outer rims of chromocenters, which are focal accumulations of pericentromeric, constitutive heterochromatin ( Fig. S1A ). This staining pattern disappeared in Casz1 cKO RPCs (Fig. S1A ), confirming specificity of the signal. The outer rims of chromocenters are also enriched for heterochromatic markers, such as Cbx1 and H3K9me3, which were accordingly detected in the Casz1 interactome ( Fig. S1B , C).
When we performed immunohistochemistry for partner proteins such as Chd4 or Hdac2, we observed that both proteins co-localized with Casz1 in nuclear foci that were usually in apposition with chromocenters ( Fig. S1D , E). This suggests that Casz1 is localized to at least a subset of "NuRD bodies" [25] in RPCs.
To determine whether Casz1 regulates the localisation of NuRD proteins, we overexpressed Casz1v2 in RPCs using electroporation in retinal explants, and examined the distribution of Chd4 and Hdac2. We have previously found that Casz1v2 binds and expands chromocenters when overexpressed [16] . Accordingly, endogenous Chd4 and Hdac2 were similarly accumulated upon Casz1 transfection (Fig. S2 ). These data suggest that Casz1 can relocalize the NuRD complex within the nucleus.
Consistent with these results, temporal transcription factors have been previously been observed to associate with NuRD and PRC in other contexts. Indeed, Drosophila dMi-2 was originally discovered in a screen for hunchback interacting proteins, and was shown to function in the polycomb pathway to repress Hox genes [26] . Similarly, in lymphocyte development, both NuRD and PRCs are associated with Ikzf1 [27-29], which was shown to confer early temporal identity in the developing mouse retina [30] . Casz1 was also shown to interact with both NuRD and PRC in cultured cell lines [16, 17, 31] , and temporal factors such as Drosophila grainyhead have been found interacting with the PRC [32, 33] . Similarly to mammalian neurogenesis, PRCs have also been shown to regulate competence transitions in Drosophila [34]. These observations suggest that temporal transcription factors might use a common biochemical pathway to regulate competence transitions during neural development, but functional data to explore this possibility is still missing.
Casz1 requires the NuRD complex to promote rods and suppress gliogenesis
We therefore next set out to determine the functional requirement for the NuRD complex in Casz1-mediated neural cell fate decisions. Interestingly, while the NuRD complex had not previously been implicated in retinal neurogenesis, Hdac proteins were previously shown to be required for retinal progenitor proliferation and rod photoreceptor gene expression [35] [36] [37] . However, rod photoreceptor transcription factors that might partner with Hdacs to achieve these effects have not been described. To address the requirement for histone deacetylases for Casz1 function, we introduced control or Casz1v2 -expressing retroviruses into P0 retinal progenitors. After 4 h, we added vehicle, 50 nM trichostatin A (TSA) -a broad spectrum histone deacetylase inhibitor, or 500 nM UF010, a selective inhibitor of class I Hdacs -to the cultures for 4 days (Fig. 3A) . Next, the drugs were washed out, and retinas were cultured ex vivo for 10 additional days to allow neurogenesis to reach completion. We then fixed the tissue explants and reconstructed the clones ( Fig. 3B -G).
Similar to our previous results with embryonic clones [15] , and conversely to what we observed by conditional ablation of Casz1 at P0 ( Fig.1 Table S2 ). 50 nM TSA had no significant effect on rod vs. Müller production in control clones, but UF010 led to a significant reduction in rod production with a concomitant increase in Müllers. When Casz1-transduced clones were treated with TSA or UF010, Casz1v2mediated rod production was completely lost, and Müller production increased significantly Table S2 ).
To determine which class I Hdac proteins were required for Casz1 functions, we focused on Hdac1. We used retinal electroporation to perform CRISPR interference (CRISPRi) on Hdac1 in vivo. Retinas were co-transfected at P0 with constructs encoding GFP, dCas9-KRAB-MeCP2 [38], and a guide construct targeting the transcriptional start of Hdac1. Retinas were harvested at P21, and the proportions of different transfected cell types were enumerated. We found that, similarly to pharmacological inhibition, Hdac1 CRISPRi significantly reduced the proportion of rods produced by Casz1v2 expression, while Müller glia were significantly increased ( Fig. 3K -M, Table S3 ). Together, these data indicate that Casz1 requires histone deacetylase activity to suppress gliogenesis and promote rod production.
Casz1v2 requires the polycomb repressive complex to promote rods and suppress gliogenesis
Next, we addressed the requirement for PRC activity in Casz1-dependent fate decisions. Our previous functional work suggested that Casz1v2 requires the PRC to safeguard transcription in rod photoreceptors, and previous biochemical work showed that Casz1 can associate with PRC ( Fig. 2F) [16, 17] . Using BioID, we found little evidence for a direct interaction between Casz1 and PRC components, but the NuRD complex is known to physically and functionally associate with PRC, and the PRC has also previously been shown to oppose gliogenesis [18, 26, [39] [40] [41] , and regulate temporal patterning in neural development [19, 20, 34, 42 ], suggesting a possible indirect role for PRC in Casz1-mediated functions.
To test whether the PRC is required for Casz1 function, we utilized retroviral shRNAs targeting Ring1 or Rnf2 [16] , which are necessary to mediate PRC activity. These retroviruses were first introduced into retinal explants. After 14 days in vitro, explants were harvested, and clones were reconstructed ( Fig. 4A, B ). Similarly to Casz1 loss-of-function, we found that shRNAs targeting Ring1 or Rnf2 promoted gliogenesis and reduced the production of rod photoreceptors ( Fig. 4C ; Table S4 ). Next, we performed combinatorial experiments, expressing Casz1v2 and shRNA combinations using electroporation. When Casz1v2 was coexpressed with Ring1 or Rnf2 shRNA constructs, Casz1v2-mediated suppression of Müller gliogenesis was reversed ( Fig. 4E, F ; Table S5 ). These were specific effects, as they could be rescued by co-expressing a human Rnf2 cDNA that could not be knocked down due to mismatches with the mouse shRnf2-389 hairpin [16] . We conclude that Casz1v2 requires PRC downstream of the NuRD complex to mediate its effects on cell fate.
Our data suggest a model where Casz1 interacts directly with the NuRD complex, which leads to subsequent PRC recruitment. NuRD and PRC have been previously shown to regulate neocortical development [18, 20, 43, 44] and the PRC has been previously implicated in retinal development [39, [45] [46] [47] . Physical and functional interactions between NuRD complexes and PRCs have been extensively described, albeit chiefly for PRC2 [40, 48, 49] whose core subunits are Ezh1/2, Suz12, Eed, and Rbbp4/7. Indeed, Rbbp4/7 proteins are also shared with the NuRD complex. Moreover, direct physical interactions between NuRD and PRC components have been previously observed in neural progenitors [41, 48] . These studies suggested that NuRD/PRC cooperate to oppose gliogenesis. Importantly, other studies have shown that the complexes are also required for progenitors to undergo competence transitions and can thereby abnormally prolong neurogenesis and oppose gliogenesis [18, 21] . Taken together, these experiments argue that NuRD and PRC cooperate to regulate developmental timing in the CNS, but that the specific activities of the complexes are context dependent. It will be interesting to examine whether these complexes play different roles during other stages of retinal development.
Casz1 has previously been shown to function as a critical regulator of cardiac development and blood vessel formation [50-52], but the molecular mechanisms involved remain unclear. It will be interesting to determine whether a similar Casz1-mediated recruitment of the NuRD complex is also at play in these contexts. Additionally, since Casz1 expression is maintained in mature photoreceptors, our data suggest that Casz1 might be important for organizing Hdacs to promote rod photoreceptor gene expression. Intriguingly, Casz1 is essential for rod photoreceptor viability [16] , and Hdac proteins become dysregulated in some types of photoreceptor degeneration [53, 54] , raising the possibility that Casz1 downregulation or dysfunction might contribute to these diseases.
It was recently proposed that cell fate decisions in Drosophila neuroblasts involve the interplay of spatial transcription factors and temporal transcription factors, where spatial factors would act on the epigenome to modify target gene access for the temporal factors.
The temporal factors would then generate different cell fates in a step-wise manner [13] . Our data suggest a model with reversed logic: that temporal factor cascades utilize a common molecular pathway to perform step-wise modifications to the epigenome, which can then be read out by lineage-specific cell fate determinants -i.e. the spatial factors -to generate specific neuronal identities. We believe this model might explain i) how temporal transcription factor cascades can operate coherently in so many contexts, and ii) why their sequential expression in neural progenitors has been conserved in evolution.
Methods
Animal care
Mouse husbandry was performed in accordance with the guidelines of the uOttawa or IRCM animal care committee and the Canadian Council on Animal Care. CD1 mice were obtained from Taconic. Casz1 Flox/Flox [15] and R26-Stop-EYFP [55] alleles and genotyping protocols were previously described. See also Table S6 .
Plasmids
Control and Casz1v2 retroviral (pMSCV-EGFP vector) and electroporation (pCIG2 vector) constructs were previously described [15] . shRNA and overexpression constructs for Rnf2 and Ring1 were previously described [16] . pCag-Cre was was a gift from Connie Cepko 
Transfection, transduction, and culture
In vivo and ex vivo retinal electroporation were performed as described previously [15, 16] . Retroviral preparation, ex vivo retroviral transduction, and clone reconstruction were performed as described previously [15] . Histone deacetylase inhibitors were administered 2-4 h after virus administration to ensure that viral integration was not altered. Trichostatin A was purchased from New England Biolabs (9950). UF010 was purchased from Cayman Chemical (21273). UF010 stocks were discarded after 2 weeks. In both cases, fresh drug was applied daily, and washed out after the 4 th day. 293Trex stable cell lines were generated as described [56] , except that we expanded our cell lines from single cell clones. 3T3 cell transfection and microscopy were performed as described previously [16] . 1 µg/ml doxycycline (Alfa Aesar J60579) was added 24 h prior to harvest.
Biochemistry
Crosslinking-assisted immunoprecipitation was performed according to the RIME workflow [24] . Protein immunoprecipitation was performed as described previously [16] .
Antibodies are listed in Table S7 .
BioID Proteomics
One P0 mouse litter (~20 eyes) was used for each experimental replicate. Retinas were dissected and dissociated as previously described [6] , and nucleofected with BioID constructs using an Amaxa Nucleofector II and the Mouse Neural Stem Cell Nucleofector Kit (Lonza; VPG-1004) according the manufacturer's instructions. Cells were plated on poly-Llysine/laminin coated dishes in RGM medium [6, 23] , and cultured for 48 h prior to harvest. 
Histology and Microscopy
Immunohistochemistry was performed as previously described [15, 58] . Microscopy was performed using Zeiss LSM700, LSM710 (IRCM), or LSM880 instruments (CBIA Core, uOttawa) using Zen (Zeiss), Volocity (Perkin Elmer), Fiji (ImageJ), and Adobe Photoshop (Adobe) software. Primary antibodies are listed in Table S7 .
RNA-seq analysis
RNA-seq on control and Casz1 cKO RPCs was previously published (GSE115778). To examine cell-type-specific gene expression, we adapted scRNA-seq cluster data [59] , selecting genes with "MyDiff" scores greater than 1.4. For rod photoreceptor genes, we supplemented the list with additional rod genes from a previous study [60] .
Quantitation and Statistical Analysis
Statistical analyses were performed using GraphPad Prism software. n-values refer to independent experiments and/or animals as described in the text. 
